INTRODUCTION
The measurement of the velocity of water in the zone shoreward of the breakers has been a problem. This area, in which the movement of water is essentially translational, is commonly divided into two zones -the swash and the surf. Conventional methods of measuring rates of fluid flow such as pitot tube devices and current meters are not usually applicable to the swash-surf zone because the water is too shallow for the latter and suspended sediment clogs the former. Methods for measuring velocity have consisted essentially of determining the length of time that floats take to traverse a known distance. This procedure describes surface flow but yields no data on bottom flow. The purpose of the present investigation was to provide a system capable of obtaining reliable quantitative energy data along with related surface sand samples in the swash-surf zone of a beach.
Field testing of the instruments was conducted and the actual measurements were made during the spring of 1964 at two southern California sandy beaches ( Fig. 1) . The study site at Will Rogers Beach State Park, where the majority of measurements were taken, is a narrow beach (a backshore 50 m wide) backed by a rocky sea cliff. Sandy beaches backed by cliffs are a dominant feature (57%) of the mainland coast of southern California ( Emery 1960). The areas studied are, thus, typical of the southern California coast and are considered to be erosional features.
INSTRUMENTATION

The dynamometer
The device used for the measurement of energy (velocity) is a variation of a general class of instruments called dynamometers that are often used by engineers to measure forces on marine structures ( Bruns 1955). The dynamometer described here is of the electromechanical type ( Fig. 2) . Two disks are used to measure, respectively, the force of water that has been given an acceleration shoreward by the breaking waves and the secondary movement of this water seaward under the influence of gravity. The forces acting on a disk are transmitted to a compression spring whose resulting displacement causes a corresponding change in a variable resistance. A pen recorder makes a permanent record of this change. Each rod acts independently on the spring and serves, in turn, as a backstop for the force exerted on the spring by the opposing rod. This gives the dynamometer a self-zeroing capability.
The unit is housed in a watertight, oilfilled steel container and is connected to the d-c power supply and pen recorder by 60 m of cable. Clogging of the rod bearings by suspended sediment is prevented by means of oil-saturated felt rings at the rod openings in the container. Each movement of the rods, due to the force of the water on the disks, into the steel container results in their being wiped clean of adhering sand 255 particles by the felt rings and then relubricated with oil.
Anchoring the dynamometer was accomplished by pounding threaded steel rods 1 m long and 1.2 cm diam into the sand. The instrument was usually placed, at low tide, in 15 to 25 cm of water with the disks oriented parallel to the wave crests. As the tide rises, the dynamometer "moves" into deeper water. Recordings, 15 to 20 min in length, were made each hour during the flood period. The dynamometer effectively scans the swash-surf zone and a profile of bottom energy is obtained.
Surface flow indicator
In the deeper water of the surf zone, the surface flow indicator (Fig. 2 ) becomes operative.
This device is a commercial water-level indicator that has been modified to indicate the direction of surface flow in water of changing depth. A float that rotates 180" in a vertical plane is attached to an arm which rotates 360" in a horizontal plane. The movement of the arm in the horizontal plane causes a change in a variable resistor and its orientation is shown as compass direction by a meter onshore. At depths of from 0.6 to 1 m, the instrument indicates flow direction of a thin surface layer of water. 1) micro-switch and cable; 2 ) hydraulic "servo" unit (max displacement D = 9 cm ) ; 3) plywood base; 4 ) sample bottle holder ( max penetration of sample bottle = 3 mm ) ; 5 ) cork holder.
Surface sediment sampler
In conjunction with the measurements of water flow, sand samples were also obtained. Assuming that the moving water influences only a relatively thin surface layer of sand, a sampling device was constructed ( Fig. 3) that would obtain sand samples at a uniform depth of penetration with a relatively constant volume. The hydraulic servo-mechanism provides a means for moving a sample bottle (12 x 35 mm), which projects 3 mm below the base of the instrument, 9 cm in a horizontal plane. A surface channel sample 3 mm deep and 9 cm long with a volume of about 4 ml is thus scooped out and the sample bottle is corked. Samples can be taken as rapidly as the sample bottles can be removed and replaced with new ones in the sampler, but they were usually spaced out over the recording cycle.
When placed in the water, the dynamometer has a local effect on the environment. Due to turbulence, a circular depression approximately 1 m wide and 15 cm deep forms. This depression stabilizes in approximately 20 min and is necessary to the operation of the instrument as it prevents the sand from burying the dynamometer plates. As a consequence of this depression, the sand samples (usually 10 random samples in each 15-min recording interval) were taken parallel to the seaward facing disk but at a distance of about 2 m from either side of the disk. At the instant that each sample is taken, a switch on the sampler triggers an auxiliary pen mounted at the margin of the recorder chart which keys the time of collection of the sediment samples to the energy recording.
DISCUSSION
A typical recording of bottom velocities made in the swash zone is shown in Fig. 4 . The curves shown represent variation of velocity (force) with time. This particular record is a 2-min sequence that was taken from an available total of 160 min or about 30 m of recorder chart. An examination of the records showed that, in general, there are three basic shapes of curves: 1) sharppeaked, 2) flat-topped, and 3) doublepeaked. The sharp-peaked curves represent high velocities and the flat-topped ones lower velocities. That is, there is a regime of wave heights that accelerate essentially unit-volumes of water shoreward-a system of energy pulses. Because the dynamometer is at a fixed point, a fast moving unit-volume of water will pass the instrument in a short period of time while exerting a large force; likewise, a slower moving unit-volume of water will exert a smaller force for a correspondingly longer period of time. The double peaks reflect the fact that these unitvolumes or "packets" of water often break into subunits or secondary wave trains. Also shown in Fig. 4 is the nonlinear nature of the outflow or backwash characterized by a gradual, then rapid, acceleration. The interaction of the backwash with the incoming water is evident in the nearly instantaneous change from outflow to inflow shown in some instances. In addition, it can be seen that it is possible for the backwash to have a larger velocity than the preceding uprush of water. The magnitude of the backwash velocity is dependent upon the slope of the beach, the volume of water delivered up this slope, the permeability of the beach sand, and the addition of beach groundwater rising from the "effluent" zone (Grant 1948) to the backwash. Only the first and third factors mentioned can be readily determined. The other two are indeterminate.
The information gathered to date consists of 170 sand samples and approximately 180 m of recorder chart (about 5,006 to 6,000 individual readings ) taken during seven observation periods at the two southern California beaches. These samples and energy recordings were analyzed in a composite manner (Fig. 5) . The measure of energy used is an arbitrary value and is defined as the sum of the areas of the incoming force-time curves divided by the interval of time these forces were acting. It reflects the number of readings per unit time and the various parameters that influence the length of time that the individual forces act. The dynamometer was calibrated statically and the velocity calculated from an equation ( Fig. 5) for the force of water due to the drag on a plate normal to fluid flow. In this equation (assuming that the force is proportional to the square of the velocity) V is the velocity of water flowing normal to the dynamometer disk; F is the drag force; p is the density of the fluid; Cd is the coefficient of drag, which is taken to be 1.12 ( Rouse 1946); and A, is the area of the dynamometer plate (three different sized disks were used to obtain ranges of 0.38 to 2.19 m/set, 0.46 to 2.68 m/see, and 0.61 to 3.60 m/set with areas of 335 cm2, 232 cm2, and 130 cm2, respectively).
The height of the column of water measured at the bottom depends on the diameter of the dynamometer disks and was about 15 to 20 cm at a distance of about 3 cm above the bottom.
Analyses of the sand samples were done by means of the Emery settling tube (Emery 1938) with the samples (4 to 10) from each l5-to 20-min recording combined, since there is little change in the surface sediment characteristics in that short time interval. A planimeter was used to determine the areas of the force-time curves corresponding to the sampling period.
The velocity and grain size distributions along with their corresponding energy patterns ( Fig. 5 ) typically show three definite zones inside the breakers: 1) the swash, 2) the surf, and 3) a well-defined transition zone separating the first two. This transition has a shoreward boundary that corresponds to the area where the backwash is reaching its maximum velocity, and extends approximately to the continually watercovered leading edge of the surf zone, It is typified by a markedly bimodal surface sand size distribution and a broad velocity spectrum. The decrease in energy (null area) at the shoreward edge of the transition zone shows up as a sharp decrease in the number of readings per unit time and is probably due to the interference of the backwash with the uprushing surf. Considerable turbulence also characterizes this zone and the coarse grain modal sizes in the surficial sediment are probably lag deposits. The surf side of the transition is also known to be an area of "cut" (Duncan, in press) and is probably the zone in which the "step" described by Miller and Zeigler ( 1958) is located. Shoreward and seaward of the transition zone, both the velocity and grain size distributions are essentially Gaussian, implying that a single energy regime is active in each zone.
In the central section and deeper water of the surf zone, the energy level decreases along with modal grain size and velocity. This decrease in bottom activity is thought to be a function of two major factors: 1) the physical system being dealt with is in the form of a wedge; consequently, the quantity of water, Q, passing a given point must be equal to the velocity of the water V times the cross-sectional area A at that point; 2) an assumed vertical velocity distribution in the deeper water of the surf zone that is not uniform and that decreases from top to bottom. This decrease is due to masses of water moving relative to one another and to bottom friction.
Starting from a breaking wave, the following sequence of events should take place: a) the breaking wave generates a mass of water moving shoreward; b) this mass enters the relatively still water of the surf zone that offers a resistance to the shoreward flow; c) a shear boundary develops between the two water masses and the water in the surf zone starts to move shoreward; d) bottom friction or resistance due to seaward flow then slows the surf-zone water mass and, in turn, the wave generated surf bore; e) the now layered mass of water continues to move shoreward where the wedge-shaped cross-section begins to have an important effect. The full extent of the influence of the first factor 1) is not known because the upper boundary of the wedge is not a fixed one. Additional support for the second factor 2) was found in the surface-bottom flow relationships shown in Table 1 . This information was obtained by keying the surface flow indicator to the bottom flow measurements with the recorder's auxiliary pen. The data are conservative in the sense that the dynamometer has a lower limit of considerable magnitude (38 cm/set) and show conclusively that a stratified effect was present when the observations were made.
The relationships shown in Table 1 represent a condition that has been termed "undertow."
However, the number of readings per unit time of bottom return velocities in the surf zone were found to be only 20 to 40% of the number of readings in the swash zone and to have correspondingly smaller velocities. A typical recording of bottom velocities in the surf zone would be similar to Fig. 4 
